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Metals Recovery: Study of the Kinetic Aspects of Gaper Acidic Leaching
Waste Printed Circuit Boards from Discarded MobilePhones

Martina Laubertovd, Bora Derir?, Jarmila Trpéevska, Klaudia SandorovAand Emilia Sminfakova

This study was performed to investigate the pdigilf copper recovery from the waste printed gitdoards (WPCBs) of waste
mobile phones using a hydrometallurgical route Esger technology for environmental protection. réaycling, elements such as copper
and aluminium are recovered, as well as the prezimetals gold, silver, platinum and palladium, wh@an be recouped profitably from
electronic waste and make this waste very valufdileecycling. In the experiments, the conventiomgitated acid leaching method was
used for mechanically pre-treated WPCBs with a m@arcontent of 19.09 wt % in a sulphuric acid medivith the presence of Feas an
oxidant. The effects of K&Qy); concentration, leaching time, temperature andrét@ of liquid to solid phase on the recovery opper
from the solutions were studied. The highest Craetibn was achieved at 363 K after 15 min of léaghand a liquid to solid ratio (L/S)
of 20. The value of activation energy (Ea), whicdsviound to be ~14.87 kJ.mpindicates that this process is diffusion contdll The
apparent order of reaction with regard to the ialtiFe;(SQ;); concentration at 313 K was calculated as 0.55. ph#posed scheme of
copper recovery from WPCBs of mobile phones wagmies.
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Introduction

Nowadays, "waste of electrical and electronic eogipt" (WEEE) such as discarded mobile phones (MP),
computers or TV sets is one of the world's fasgestving problems and needs to be tackled immedgiatelthe
European Union (EU) alone, the amount of WEEE geeied to grow to 12 million tonnes by 20@Waste
Electrical & Electronic Equipment (WEEE),” 2018)ta8stics also indicate that in 2019 the nhumbemobile
phone users will reach 4.68 billion in the worldN(imber of mobile phone users worldwide from 2012049
(in billions),” 2018). WEEE, which consists of veppmplex materials and components, may cause major
environmental and health problems, if not propenlgnaged. Besides, the production of modern elecgon
needs the use of scarce and expensive resourdesasuyold, silver and rare earth elements. A mqtiilene
consists of several parts, including the displait, umattery, front and back cases and printed #irboards
(WPCBs). WPCBs in mobile phones contain many baseious and rare metals, such as Au, Ag, Pd, Ta, N
Al, Cu, Sn, Co, Fe, and Pbh. These elements or #ilmys are found inside or on the surface of WPCBs
(Palmieri et al., 2014; Sarath et al., 2015). Thastrattention to the treatment of discarded mopiienes is
focused on copper, due to its high content in phoaed its current world consumption. The total worl
production of refined copper was reached 23.4 onmillionnes in 2016 (Brown, 2018) ("Secondary copper
production up 6% in the first quarter of 2018," 8p1Future global copper demand is expected to keep
increasing due to copper's absolutely necessaey irmlmodern technologies. Due to the above-mentione
concerns, these WPCBs have to be removed fromrdiganobile phones and selectively treated (Eumopea
Parliament & The Council Of The European Union, 201n general, there are three basic ways to mrcov
valuable metals from secondary resources: pyrotogjadal, hydrometallurgical and a combined method
(Moskalyk and Alfantazi, 2003; Behnamfard et all20Kasper et al., 2018; Rudnik et al., 2015; Bida et al.,
2013; Havlik et al., 2011). In the EU, the biggesinpanies use pyrometallurgical treatment mettaded on
smelting for metal recovery from WEEEs on an indaktcale (Rocchetti et al., 2018). For example, lead,
zinc, nickel and precious metals are recovered fedectronic scraps, e.g. printed circuit boardsngighe
Kayser Recycling System (KRS) in Aurubis, LumerGarmany (Maurell-Lopez et al., 2011; Laubertovalet
2017). Another example is the Kaldo Furnace progesstised at Boliden, Ronnskar in Sweden (Cui and
Zhang, 2008) (“Boliden,” 2018). The electronic sxgaare first smelted in an IsaSmelt furnace to werco
precious metals along with Cu in the form of Culibal in Umicore's integrated metal smelter andrrefy
(Hageliiken, 2006). These smelters can treat nie 200,000 ton/year of precious metal-bearing rizdge
such as by-products from non-ferrous companiesetexronic scraps. The hydrometallurgical processesan
alternative to pyrometallurgical treatments of WEHEHe to some characteristic advantages such as the
possibility of treating heterogeneous materialsyelo environmental impact including low gas emissiand
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selective recovery of elements (Laubertova et24111). Some studies exist which focus on treatingCBs
with hydrometallurgical methods (Jing-ying et &012; Zazycki et al., 2017). For example, Kim et(aD11)
leached small pieces of WPCBs (2-3 mm) from disedillPs in a two-stage leaching process. They sedect
dissolved copper and gold using electro-generdttmtine as an oxidant. They then leached the cdiS¥ieCBs

in an HSO, acid solution with the addition of J@, as an oxidant for coppegecovery (Camelino et al., 2015;
Yang et al., 2011) used combinations of superafiticater and diluted hydrochloric acid leaching noeis to
recover copper from WPCBs (Xiu and Zhang, 2015ubextova et al. (2012) leached the different faaddiof
WPCBs in either ferric sulfate or a mixture of Fe@hd Fg(SQy,); solutions (Laubertova and Sandorova, 2013;
Yang et al., 2011). Bioleaching has also been usel@ach out gold and copper from waste mobile phon
WPCBs (Chi et al., 2011). As seen in the litergttine different fraction of WPCBs of MPs and diéfet acid
leaching media were used for the leaching prockddnetic investigation was also carried out to leate the
kinetic constants during the leaching processediffarent acid leaching media (Dutta at al., 20H2; et al.,
2014; Kim et al., 2011). According to the litene (Havlik, 2008), a thermodynamic study of teadhing
process of copper indicates that it is possibleige an acid oxidizing medium for leaching. Howevbese
studies did not describe the kinetic aspects afhie@ of WPCBs in ferric sulphate as a solvent mediThe
present research attempts to develop an alternptoeess for the leaching of copper from mechalyigale-
treated WPCBs of MPs using ferric sulphate as ehieg solution. Thermodynamic data were determingdg
Outotec HSC Chemistry Software from Outotec Reseaith Oy modelling package 8.0 (Roine, 2002).

The leaching of WPCBs in H{&Oy); solutions is described by chemical reaction Eq. 1:
Cu+ 2Fe3t + S0Z~ = 2Fe?* + CuS0, AGYy3 = —64.54k ] 1)

The negative value of the standard Gibbs energgesig that this reaction is thermodynamically tdasi
and spontaneous. The objectives of this studyistetllas follows:

1) Determination of the chemical composition of €@mntaining wastes (WPCBs from waste button mobile
phones).

2) Cu recovery by means of agitated leaching of B®&€om MPs with different parameters such as tqui
to solid ratio, reaction temperature, leaching sraed FgSQy); concentrations.

3) Based on kinetics measurements, obtaining valfise apparent activation energy Ea and the appar
reaction order n, with regard to the initiabf&0y); concentration in the leaching solution.

Materials and methods
Sample characterization
Discarded MPs collected in a recycling facilityStovakia were used in these experiments. The sampli

procedure of WPCBs shown in Fig. 1 was used fopamag a representative sample for chemical aralysi
(Laubertova et al., 2018; Mickova, 2018).

Batteries

:

| Homogenization |

L™ 7

{ ; 4‘ Discarded mobile phones ‘ 5‘ B Dividing

" 3 i r » 1/2sample
) .fs l 48 % I (1/2 sample)

‘ Hand Dismantling ‘
l Plastic covers

PCBs l
1_1 Magnetic separation }—» magnetic fraction
Crushing 2 l
(d=& mm) Dividing L &/16:sampl
*L (8116 sample) ADAATe
| Dividing , 12sample Milling
(1/2 sample) (d=<1 mm)

‘ Homogenization ‘

Fig. 1. Methodology for printed circuit boardsmspling from discarded mobile phones

| Representative samples

After manual dismantlingnd sorting of MPs, the non-magnetic fraction dP@Bs was mechanically
milled and then sieved to less than 1.25 mm. Ireotd evaluate the size distribution of the treatachple, 100
g of the selected sample obtained by quarteringsieaged with a vibration sieve shaker using 1.23100.65;
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0.40; 0.25; 0.08 mm openings. The size distribubbWPCB samples used for the experiments is shiown
Fig.2.
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Fig. 2. Particle distribution of the treated sarmWPCBs (ck 1.25 mm)

X-ray diffractometer Phillips PW 1710 X Pert PRO MRCo-Ka) was used for qualitative phase analysis.
Sample evaluation was performed using software RRIF. Due to the fact that it is not possible tdaib an
objective diffractogram from such large particlétee samples were milled on a vibratory mill to @bta fine-
grained homogeneous fraction suitable for X-rayfraition qualitative analysisDiffraction pattern of the
sample is shown in Fig. 3. The results of the plaasdysis show that all samples contain metals andCu, Sn,
Pb, Zn, Fe alloys. The proportion of plastics reprded by the high background of the diffractogianthe
region around 25 ° Bragg angle 2Theta is signifiyarepresented. This fact makes the identificatioare
difficult.
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Fig. 3. XRD pattern of the fine-grained fractiohtioe WPCBs
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Five representative samples (1g each) taken freated WPCBs (¢ 1.25 mm) were subjected to atomic
absorption spectroscopy (AAS) (Varian Spectromgikr20+) analysis to determine the concentrationshef

selected metals. The average results of the elaremilysis of the WPCB samples are shown in Table
Table.1. Average results of elemental analysfs/efrepresentative WPCBs samples using the AABitpe

Element cu NI sn n Pb A e A Ao
content | 1909| 126| 1286 1.77¢ 0408 0826 1956 0036  30.09
(wt %)
Standard

2

deviation 6.304 | 0.341| 0.629 1.21] 0.202 0.249 1.405 0.005 10.

s
Coefficient
of variation 0.33 0.26 0.48 0.68 0.5

C*

0.3(¢ 0.718 0.15¢ 0.2p3

Experimental procedure

Fe(SOy); and HSO, were used for leaching representative WPCB saniples aqueous medium. The
leaching experiments were conducted in a convealtiopactor with a stirrer at 400 RPM. The effect th
concentration of the solution on the leaching ra&s investigated in the concentration range frotmniol dm®
to 1 mol dn? Fe(SQy); at0.5 mol dn? H,SO,. The used liquid to solid (L/S) ratios were 10,&2@ 30 (200 mL
solution/20-10-6.6 g solids). The effect of tempara on the leaching rate was also investigatédraperatures
between 314 K and 363 K in the solution containihgce(SQ,);+0.5 mol dn? H,SO,. The schematic
representation of the experimental set-up is shiowfig. 4. A solution mixture of sulphuric acid aRé’* as an
oxidizing agent were used for leaching. For alleipents, 0.5 mol dmH,SO, was oxidized with 1 mol di
Fe(SOy)s. The leaching time for each experiment was 60 temuEvery 5, 10, 15, 30 and 60 minutes a 5 ml
sample was taken for chemical analysis. The sampée subjected to atomic absorption spectroscopy f

determination of Cu content.

i\

ul

/

Fig. 4. Schematic diagram of the conventionalatgit leaching system (Trung et al., 2011)
1- a drive of the mixer with constantly adjustastiering, 2 — mixer, 3 — leaching agent,
4 — liguid sample collection, 5 — thermometer, ®aterial input, 7- thermostat, 8 — sample

Results and discussion

Before the experimental investigation, a computetidhermochemical study was carried out to pretiiet
possible phases of the system depending on chapgiagneters. The classical Eh-pH (Pourbaix) diagrare
known for being similar to “predominance diagramiich show the regions where various aqueous ions o
solid compounds predominate (Bale et al., 2016)this study, a new type of aqueous phase diagramed
FactSage 7.2 was used to separate the aqueousssfrecn the solid phases by real phase boundartes.
diagram was calculated at constant molalities of E@, Zn, and Ni as used in the experiments. In the
calculations, the Pitzer database doncentrated solutiongas used, and the temperature and total preséure o
the system were selected as 80 °C and 1 atm reésggciThe aqueous phase diagram of ouOHFe(SO,)s-
H,SOy-Cu-Zn-Ni system calculated with the FactSage phtiagram module is shown in Fig. 5. The y-axis
shows the oxidation potential, log BfOwhich is related to Eh, while the x-axis is #h&(SOy); concentration
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given as the molality (mol/kg ,0) in the solution. As seen in the figure, when rin@ality of H,SO, was fixed
at 0.5 in the system, tre was atable aqueous region throughout the system foertain oxygen partic
pressure range (i.e. 1;,0PO,, between -35 ands0 atm). When the oxygen amount increased in tiséesy
Fe0; precipitated out from the solution. In reducing dibions, inaddition to gas, solid Cu, ferrous sulphi
and iron oxides started precipitating out. For eplnwhen the oxidation potential and the molality
Fe(SOy); were selected a-40 atm and 1 respectively, all metallic elements. (Cu, Zn, Ni, and Fe) the
aqueous solution were calculated to be almostedyiin the (2+) oxidation state

H,0 - 0, - H,SO, - F&,(SO,), - Cu - Zn - Ni

H,50,/H,0(mol/kg)=0.5, Cu/H,0(mol/kg)=0.15, Ga ctSage”
Zn/H,0(mol/kg)=0.0136, Ni/H,0(moilkg)=0.011, 80°C, 1 atm age
T T

'20 T T T T T T T
25t J
Aqueous+Fe,0,
-30 4
£ -35 + .
Y Agueous Region
S ol ¢ .
=%
o
L 45t 8
50 L CutAq Cu+ Aqg + gas |
F’r, Cu+FeSO,(H,0),+ Ag + gas  Cu + Fe,0,+ Aq + gas
55 ]
(NiO)(Fe,0;) + Cu +Fe,0, + Aq + ZnFe,0,+ gas
50 ‘ . (NiO)(Fe,0;) + Cu +Fe,0, + Aq + ZnFe,O.+ gas, . .
0 0.2 0.4 0.6 0.8 1 12 14 16 1.8 2

Fe,(SO,),/H,0 (mol/kg)

Fig. 5. Aqueous phase diagre calculated partial pressure of,®s molality of Fx(SQy); for the system ¥D-Fe(SCys)s-H,SQ-Cu-Zn-Ni
under one of the preseexperimental conditions

Effect of liquid to solid phase ratio on the leachig

The weights of 20, 10 and 6.6 g of samples weaaeHed in 200 ml of a solution containing 0.5 mol*
Fe(SQy)s+ 0.5 mol dn® H,SO, to determine the copper extraction y from the PCB samples. Fig. 6 shc
that the highest extraction (47.95 %) was achievieen the experiment was performed at L:S ratioOpfa? 332
K, with stirring rate 6.6 ™ and 10 minutes of leaching.
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Fig. 6. Effect of liquid to solid ratio ocopper extraction with 10 min. leach
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Effect of temperature

The leaching experiments were carried out at 31338,K, 353 K and 363 K and a liquid to solid rati&
20 for the solution of 1 mol diFe(SOy);+ 0.5 mol dn?* H,SO, after 60 min of leaching. The positive effect on
copper extraction of increasing leaching tempeeatsirshown in Fig. 7. The highest Cu extraction.486%%)
was achieved at 363 K after 15 min of leaching.digmificant change was observed in Cu extractider &0
minutes.

B0

Extraction Cu [%]

Leaching time [min]

Fig. 7. Effect of temperature on copper extractiith time (1 mol drfFe,(SQ)s + 0.5 mol.drit H,SQ,, L/S 20, stirring rate 6.6%

The particle morphology of the treated sample, rdeteed with a digital microscope (Dino-Lite
ProAM413T), showed that the metallic parts wereettggeneously distributed throughout the sample.§giy
The sample was also studied with a digital micrpscbefore and after leaching at 353 K andn@fi. The
following figures show the morphological structudsthe individual sample upon visual observatibrtan be
seen in Fig. 8 (a-b) that most of the metallic Xrtfound in the sample Fig.8a were dissolved aftachég
sampleY in Fig. 9b.

Fig. 8. Samples printed circuit boards a) befaradhing, and b) after leaching at 353 K and 60 (dimol dnT Fe,(SQ)s + 0.5 mol.dn¥
H,SQ, L/S 10)

Effect of F&(S0,); concentration

Fig. 9 shows the effect of leaching time on copper recpweith changing ferric sulfate concentrations
ranging from 0.1 to 1 mol diFe(SQ,); at 0.5 mol drif H,SO, with L:S ratio of 20 at 313 K. The copper yield
significantly increased with increasing concentnatof ferric sulphate. The highest extraction of (68.73 %)
was achieved at 313 K after 30 min of leaching. demleaching durations did not give any more satisiry
result beyond 30 min.
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Fig. 9. Effect ofFe,(SQ)s concentration on copper extraction L/S 20, 6'6rsl 313 K

Apparent Activation Energy “Ea” and Apparent Order of Reaction “n”

The apparent activation energy Ea was determindukeitemperature interval of 313-363 K for the héag
solution of 1 mol.dM Fe(SQy); + 0.5HS0, mol dm®. The apparent activation ener§a was calculated
experimentally by measuring the initial dissoluticate of copper at different temperaturesfor the time
interval of 0-300 s. The Arrhenius equation wasdu® determine the activation energy Eq. 2:

Ink=ImnA—-E,/R.T 2)

wherek is the rate constanfl is the frequency factoR is the universal gas constant, and T is the
temperature. The estimat&h apparent activation energy for the sample wasddorbe 14.87 kJ mdlin the
temperature interval from 313K to 363 K, and thegfrency factoA was calculated as 0.2427. 4t is generally
believed that if the value of activation energyhigher than 40 kJ/mol, the process is chemicaliytradled,
whereas values less than 20 kJ/mol suggest thardioess is controlled by diffusion (Habashi, 1997)

The estimated Ea (14.87 kJ mplindicates that the leaching process is controbgddiffusion. The
corresponding relationship betweark and1000/Tis shown in Fig. 10, which indicates that the nagdbm for
sample leaching in the temperature interval 313<3&3es not change.

The apparent activation enerfy and the apparent order of reactiorwere determined using the linear
regression method from Eq. 2 and Eq. 3, respegt{@do et al., 2006; Kim and Lee, 2016).

The following concentration interval was used fetetmining the apparent order of reaction at teatpee
313 K: from 0.1mol drif to 1 mol dn? Fe(SQy)s.

The apparent order of reactionwith regard to the initial concentration of ,f80y); in the leaching
solution was determined according to the followly 3:

Vey = k. Cre, 3)
or in logarithmic form Eq. 4:

Inv = Ink + n.Incg, 4)

wheren is the slope of the graph éfve, = fcpe,, shown in Fig. 11. The value of = 0.55 and
In k=-7.104. The dissolution of Cu at the temperatiir@l3 K can be represented by the following Eq.5:

v =821.10"*cp,, (5)

or in logarithmic form Eq. 6:
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Inv = —7.104 + 0.55. Incpe, (6)

1000/T K]
-6.2 T T T T T
27 2.8 29 3 31 32 313

In K
o
[a3]

Inc

In v

Fig 11. Logarithmic plot In v versus Idpe2 for waste sample: Correlation coefficient R = 0.089

The result of the investigation was the findingtttiee best copper yields were achieved using 1dnol
Fe(SQy); + 0.5mol dnT H,S0,, at a temperature of 333K and liquid to solid ghestio L:S 20. The conclusion
and the ensuing recommendation was that the effentlled mobile phones on Cu should be determined.

A cementation treatment has been proposed forutibefr treatment of the leached solution to préaipi
out the copper as a saleable product in the preseinsolid iron finings. The results of these expents have
been published elsewhere (Kovalcik, 2017). The @sed process flow sheet for the recovery of Cu fwamste
mobile phones is shown in Fig. 12

MOBILE PHONES
COLLECTION o804 i
BATTERIES ! ! " '
——— «| MANUAL LEACHING »_. CEMENTATION
EI(-J‘::EE(S: «_| REMOVING s .
RESIDUE (Au. Ag, Pt) J

PRINTED CIRCUIT BOARDS for LEACHING Cu

MECHANICAL
SAMPLING PROCESSING
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Fig.12. The proposed scheme of copper recovery fmaste PCBs of mobile phones
Conclusions

Waste printed circuit boards from discarded mophenes contain many interesting raw materials e bas
(copper 15%), precious (gold 400 g t), and rareafeetin the European Union, the biggest compangss u
pyrometallurgical process treatment methods basesheelting for metal recovery from electronic scoapan
industrial scale. The hydrometallurgy procesgeditiment printed circuit boards can achieve sigaifily lower
environmental impacts than pyrometallurgy. Fronfeadycle perspective, the introduction of new tealogies
can also contribute to reducing greenhouse gaskgasnsibly, other environmental impacts.

The effects of temperature and concentration efcfsulphate solution on the leaching rate of cogpen
milled discarded PCBs from button mobile phonesewstudied using the agitated leaching processig; th
research. The results show that the temperatura kagificant effect on the leading rate of copgercording
to the Arrhenius equation, the apparent activatinargy value of the copper reaction for apparetivaton
energy value of copper reaction for the samplalsutated to be 14.87 kJ mol, under these conditi@n the
basis of this value, it may be suggested that tioegss of leaching takes place in the diffusiorioregThe
highest extraction Cu yield (69.98 %) was achieae863 K after 15 min of leaching when an L/S ratf®20
and a solution of 1 mol dfFe(SQy); + 0.5 mol drit were used. The apparent order of reaction withnkep
the initial Fe(SQy); concentration was n = 0.55. Waste electronic rasesuch as discarded mobile phones are
a secondary source of critical materials for theoRean Union. Hydrometallurgy could be one of thegible
innovative ways to metals recovery from printeauwir boards of electronic waste materials.
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